Auditory neural responses to acoustic stimuli of different rates were studied by analyzing changes in brainstem auditory evoked responses (BAER) with increasing repetition rate of clicks, or rate-dependent changes, in 62 very preterm babies (gestation 24 -32 wk). None had perinatal asphyxia or major complications at the time of testing (37-42 wk postconceptional age) to exclude their possible effects on the recorded BAER. As the rate of clicks was increased from 21/s to 51/s and 91/s, I-V interpeak interval in these babies increased similarly to that in normal term neonates. The rate-dependent change decreased significantly in I-III interval, but increased significantly in III-V intervals and III-V/ I-III interval ratio (all p Ͻ 0.01). At all three rates of clicks, the I-V interval, the most commonly used BAER variable, tended to increase slightly but did not differ significantly from the term neonates. The I-III interval decreased significantly at higher click rates (ANOVA p Ͻ 0.05 at 51/s and Ͻ 0.001 at 91/s), whereas the III-V interval and III-V/I-III interval ratio increased significantly at all 21/s, 51/s, and particularly 91/s (p Ͻ 0.01-0.001). No abnormalities were found in wave V amplitude at any rates. These results suggest that very preterm babies have an advanced peripheral development of the brainstem auditory pathway but a retarded central development or central impairment. A nearly normal I-V interval does not exclude a possible abnormality in its subcomponents (I-III and III-V intervals). In babies who have a normal BAER at a conventionally used low rate of clicks, we cannot exclude an abnormal BAER at higher rates. Babies who are born very preterm account for a large proportion of perinatal mortality and are at high risk of neurodevelopmental deficits (1-5). Many of the survivors have long-term neurologic disorders or behavior problems, e.g. minimal brain damage and learning disabilities, and visual and hearing deficits. Those who have sensorineural hearing loss develop more neurologic complications than control infants (6). However, there are still controversies regarding early neural development in these babies. Some investigators reported a delay in development (7-9), whereas others found no apparent abnormality (10, 11). Better understanding of the early development and neurophysiology underlying later disability is important for improving the management of these babies.
Babies who are born very preterm account for a large proportion of perinatal mortality and are at high risk of neurodevelopmental deficits (1) (2) (3) (4) (5) . Many of the survivors have long-term neurologic disorders or behavior problems, e.g. minimal brain damage and learning disabilities, and visual and hearing deficits. Those who have sensorineural hearing loss develop more neurologic complications than control infants (6) . However, there are still controversies regarding early neural development in these babies. Some investigators reported a delay in development (7) (8) (9) , whereas others found no apparent abnormality (10, 11) . Better understanding of the early development and neurophysiology underlying later disability is important for improving the management of these babies.
BAERs represent the electrophysiologic activity of a large number of auditory neurons in the brainstem after transient acoustic stimulation. The responses have been widely used to study auditory function and its development in babies (12) (13) (14) (15) (16) (17) (18) . Although most of the previous BAER studies in preterm babies reported no significant abnormalities (12, 18) , others reported an increase in BAER wave latencies and intervals, suggesting retarded development (16) . To date, none of the previous reports were concentrated on the study of BAER central components in very preterm babies.
The neonatal BAER is significantly affected by the repetition rate of acoustic stimuli to elicit it (13, 15, 19) . Routinely used relatively low rates of stimuli (usually 10 -21/s) can elicit a clear, easily identifiable BAER waveform. However, a stimulus condition that is optimal for eliciting the most easily identifiable BAER waveform may not be optimal for demonstrating pathology. Increasing the rate of stimuli used while recording the BAER provides a more stressful stimulation, or a stronger physiologic challenge, to the auditory neurons than low-rate stimulation. It has been suggested by some authors as a stress test or challenge test to improve the detection of auditory impairment and other neuropathology of the brain, although there are some debates (15, 20 -26) . Furthermore, changes in the BAER with increasing the rate of stimuli, or rate-dependent changes, primarily reflect neural processes concerning the efficacy of synaptic transmission and metabolic status of auditory neurones after a temporal challenge (13, 19, 20) . Therefore, the method of increasing stimulus rate has also been used to study dynamic properties of the auditory system and their development.
Previous studies of the BAER in preterm babies often used only one low rate of click stimuli (10 -21/s). It is not clear whether there is any abnormality in the BAER at high rates of stimuli in very preterm babies. To understand auditory neural responses to acoustic stimuli of different rates in very preterm babies we have studied the BAER elicited with different rates of clicks and the rate-dependent changes in babies who were born younger than 33 wk of gestation. None had perinatal asphyxia or any major complications at the time of testing (term equivalent date) to exclude any possible effects of these factors on the recorded BAER. Our hypothesis is that auditory responses to high-rate stimulation in very preterm babies is altered at term owing to the earlier exposure to sound environment ex utero and the associated perinatal conditions. A further purpose is to examine whether high-rate stimulation can improve the detection of BAER abnormalities.
METHODS

Subjects.
The study group consisted of 62 very preterm babies, 34 boys and 28 girls, who were born at 24 -32 wk (mean, 28.0 Ϯ 2.2 wk) of gestation, with a birth weight between 559 and 1999 g (mean, 1110 Ϯ 328 g). Apgar scores were 8 -10 at 1 and 5 min. Babies were excluded if they had perinatal asphyxia and major complications (e.g. chronic lung disease, infection) at the time of BAER testing, which was conducted between 37 and 42 wk (mean, 39.6 Ϯ 1.8 wk) of postconceptional age. Those who had significant peripheral hearing loss, indicated by a significant increase in BAER threshold (Ͼ30 dB nHL) at the time of testing, were also excluded to avoid the influence of the peripheral loss on central components of the BAER.
The term control group had 42 healthy neonates, 19 boys and 23 girls, ranging in a gestation between 37 and 41 wk (mean, 39.4 Ϯ 1.3 wk) and a birth weight between 2633 and 4559 g (mean, 3546 Ϯ 554 g). All had an Apgar score 8 -10 at 1 and 5 min and were judged to be stable and healthy in the nursery. None had any major perinatal conditions such as asphyxia, periventricular hemorrhage, intrauterine or postnatal infection, or congenital abnormality of the CNS. BAER recording was performed 1-3 d after birth. BAER thresholds were all Ͻ20 dB nHL.
BAER recording procedures. The equipment and procedures for recording the BAER have been reported previously (19) . Briefly, the BAER was recorded using a Bravo Portable Evoked Potential System (Nicolet Biomedical Inc., Madison, WI, U.S.A.) in a quiet room. Three gold-plated disk electrodes were placed at the middle forehead (ϩ), the ipsilateral earlobe (Ϫ), and the contralateral earlobe (ground). Interelectrode impedances were maintained Ͻ10 k⍀. Acoustic stimuli were rarefaction clicks of 100 s in duration, delivered monaurally to the left ear through a TDH 39 earphone. Three repetition rates of clicks were presented for each subject and in the order of 21/s, 51/s, and 91/s in the first run and in reverse order in the second run. Click intensities ranged between 10 and 80 dB nHL, referred to average thresholds in adults (19) . All subjects were tested at 60 dB nHL. In those with a threshold Ͼ20 dB nHL, the intensity was increased to 70 and 80 dB nHL to elicit clear waveforms and to obtain the data at an intensity above their thresholds that was comparable with that in the term control babies. Intensities Ͻ60 dB nHL were used to obtain threshold.
Brain responses to the clicks were amplified and bandpass filtered between 100 and 3000 Hz before inputting to the averager. An automatic artifact rejection was used to reduce the inclusion of high-amplitude muscular activity in the averaged responses. Sampling was manually discontinued whenever there were excessive muscle artifacts on the monitoring screen. Brain responses to 2048 clicks were averaged to complete each run. At least two runs were made for the recordings at 60 dB nHL.
This study was approved by the Central Oxford Research Ethics Committee. Written informed consent was obtained from the parents of each baby before study entry.
BAER measurement. Latency and amplitude of waves I, III, and V were measured. Interpeak intervals (I-V, I-III, and III-V), the interval ratio of III-V to I-III (or III-V/I-III interval ratio), and the amplitude ratio of waves V to I and III (or V/I and V/III amplitude ratios) were calculated and examined in detail.
Mean measurements of two replicated BAER recordings to each stimulus condition were used for data analyses. Analysis of BAER interval and amplitude variables in the term control infants was based on the data collected at the click intensity of 60 dB nHL. In the very preterm babies the analysis was based on the data collected at 60 dB nHL for thresholds Յ20 dB nHL (n ϭ 54) or 70 dB nHL for thresholds Ͼ20 -30 dB nHL (n ϭ 8), so that as in the term control babies, all data were analyzed at a hearing level Ն40 dB above the thresholds.
Statistical analysis. Correlation and regression analyses were performed between BAER measurements and the repetition rate of clicks. Mean and SD of each BAER variable at each stimulus condition were calculated. The data obtained from the very preterm babies and those from the term control babies were compared using ANOVA.
RESULTS
BAER recorded at different rates of clicks.
The measurements of BAER variables at various rates of clicks were given in Tables 1 and 2 . As the rate was increased all BAER wave latencies and interpeak intervals increased, and wave amplitudes decreased. The general changes in the very preterm babies were similar to those in the term control babies, but there were some differences.
Wave V latency in the very preterm babies increased slightly at all 21/s, 51/s, and 91/s clicks, compared with that in the term control infants (all p Ͻ 0.05; Table 1 ). Wave I latency also 455 BAER IN VERY PRETERM BABIES AT TERM tended to increase slightly. However, wave III latency did not differ from the term control babies at any of the rates.
The I-V interval in the very preterm babies increased slightly at all rates used here, but did not differ significantly from that in the control babies (Table 1) . Although the I-III interval was similar to that in the control babies at 21/s clicks, it decreased significantly at 51/s and 91/s clicks (p Ͻ 0.05, 0.001). The III-V interval and the III-V/I-III interval ratio increased significantly at all the three rates, particularly 91/s (all p Ͻ 0.01-0.001). Thus, the differences between the very preterm babies and the term control babies in these interval variables increased with the increase in click rate.
Compared with that in the term control babies, the amplitude of wave I in the very preterm babies decreased slightly, whereas the amplitudes of waves III and V tended to increase slightly at all 21/s, 51/s, and 91/s clicks ( Table 2) . As a result, the V/I amplitude ratio increase slightly, with a statistical significance at 91/s clicks (p Ͻ 0.05), and the V/III amplitude ratio was similar to that in the term control babies.
To find out whether the differences in the BAER between the very preterm babies and the term control babies have any relationship with the possible difference in their head size, we compared their head circumferences at the time of testing. The results showed that head circumference in the very preterm babies (34.8 Ϯ 2.42 cm, 29.0 -41.6 cm) did not differ significantly from that in the control babies (35.4 Ϯ 1.62 cm, 32.5-8.0 cm). Head circumference did not correlate with any BAER variables in the control babies and only correlated weakly with wave III and V latencies at 21/s clicks (r ϭ Ϫ0.40 and Ϫ0.41, both p Ͻ 0.05) in the very preterm babies.
Click rate-dependent changes in the BAER. Correlation and regression analyses showed that all BAER wave latencies and interpeak intervals in the very preterm babies correlated positively and significantly with the rate of clicks. Although the general trend was similar to that in the control babies, there were differences in the rate-dependent changes, as shown by the slopes of the latency-or interval-rate functions (Table 3) .
Compared with those in the control babies, the slopes of latency-rate functions for waves I and III in the very preterm babies decreased significantly (p Ͻ 0.05, 0.01), but the slope for wave V was similar to that in the control babies. The slope of interval-rate function for I-III decreased significantly (p Ͻ 0.01). On the contrary, the slope for III-V increased significantly (p Ͻ 0.01). As a result, the slope for the III-V/I-III interval ratio increased significantly (p Ͻ 0.01).
All wave amplitudes correlated negatively and significantly with the rate of clicks (Table 4) . No significant difference was found between the very preterm babies and term control babies in any of the slopes of amplitude-rate functions for waves I, III, and V. Similar to those in the term control babies, both the V/I and V/III amplitude ratios in the very preterm babies did not correlate with the rate.
DISCUSSION
Peripheral and central auditory pathways do not develop uniformly in very preterm babies. In the study of BAER in preterm babies most authors reported no significant abnormalities (12, 18) . We have also previously compared the BAER between preterm and term babies at the same postconceptional age up to 6 y of age and found no major differences (17) . However, some others reported an increase in BAER wave latencies and intervals in preterm infants when they reached term (16) . The latency for early component P0 in middle latency auditory evoked response increased, and the latencies of Na and P2 in auditory cortical evoked responses also differed significantly from those in term babies. These results suggest that myelination of the central auditory pathway is retarded in preterm babies. In the present study of very preterm babies at term, the I-V interval tended to increase slightly but did not differ significantly from that in the term babies. It appears that there is no apparent abnormality in the auditory brainstem. This is comparable with the finding by some magnetic resonance studies that there was no significant difference in myelination stage between very preterm and term babies at term (10) .
The present study found that in the very preterm babies, wave I latency increased slightly and wave I amplitude decreased slightly. On the other hand, the rate-dependent change in wave I latency decreased. These results suggest that periph- eral auditory function is mildly impaired in very preterm babies but its development is accelerated, or advanced. This outcome may be attributed to by very preterm birth, which exposes the babies to sound environment ex utero earlier than term babies, and the associated perinatal conditions, which may impair peripheral auditory function. Although the rate-dependent change in the I-V interval in the very preterm babies was similar to that in the term babies, the rate-dependent changes in the subcomponents (I-III and III-V intervals) of the I-V interval in the very preterm babies differed from those in the term babies: the rate-dependent change was decreased in the I-III interval but increased in the III-V interval. The differences suggest that the I-III interval in the very preterm babies changes little with varying click rate but the III-V interval changes more significantly than in the term babies. The decreased rate-dependent change in the I-III interval was produced by a more significant decrease in the rate-dependent change in wave III latency than in wave I latency. The increased change in the III-V interval was produced by a decrease in the rate-dependent change in wave III latency and a net increase in the change in wave V latency (after cancelling the cumulative effect of the decreased change 
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in wave III latency). Thus, the opposite rate-dependent changes in the two intervals were both partly related to the decreased rate-dependent change in wave III latency. These BAER abnormalities are unlikely to be related to the head size in the very preterm babies because none of the intervals correlate with head circumference in these babies and there was no significant difference between the very preterm and term babies in head circumference.
It is known that waves I and II originate exclusively from the eighth nerve, wave III is mainly generated by the neurons in the cochlear nucleus, and wave V is most likely originated by the lateral lemniscus as it enters the inferior colliculus, although the slow negative potential after the peak of wave V is likely a dendritic potential of the inferior colliculus (23) . The I-III interval reflects functional status of the more peripheral portion of the brainstem auditory pathway whereas the III-V interval reflects functional status of the more central portion of the pathway. Thus, the difference in the rate-dependent changes in various BAER variables of the very preterm babies imply that the peripheral and central portions of this pathway do not develop uniformly. The decreased rate-dependent changes in the I-III interval and wave I and III latencies, which are more adultlike (19) , suggest an advanced development in the more peripheral portion of the brainstem auditory pathway, probably related to the earlier exposure to sound environment ex utero, which may accelerate peripheral auditory development (17) . On the other hand, the increased rate-dependent change in the III-V interval indicates a retarded development or impairment in the more central portion of the pathway, probably mainly related to the associated perinatal conditions that may impair central auditory function and delay its development. However, considering that the I-V interval changes little at various click rates, we cannot exclude a possibility that a possible change in the morphology of the waveform at the latency of wave III at high-rate stimulation could contribute to the decreased rate-dependent change in wave III latency, which, in turn, results in a decreased rate-dependent change in the I-III interval and an increased change in the III-V interval.
Very preterm birth and perinatal asphyxia have different effects on auditory function. In term asphyxiated babies, we have found that the measurements of I-III interval at 21/s, 51/s, and 91/s were all similar to the normal control babies, although the I-V and III-V intervals consistently increased (21) . At high-rate stimulation, the amplitude of wave V reduced significantly, the V/I amplitude ratio decreased, and the ratedependent change in the amplitude of wave V increased significantly. These results indicate that the neural generators of wave V after hypoxic-ischemic insult are particularly vulnerable to a physiologic challenge (20, 21) . By contrast, the present study showed that in very preterm babies the I-III interval decreased significantly at high-rate stimulation but the amplitude of wave V did not differ from the normal control babies at all three click rates (the V/I amplitude ratio even increased at 91/s clicks), suggesting that the generators of wave V in these babies are not significantly affected. It appears that very preterm birth and perinatal asphyxia have different effects on the auditory pathway. Very preterm birth has a major effect on neural conduction of the pathway, probably reflecting altered myelination owing to the earlier exposure to sound environment ex utero (resulting in advanced peripheral development) and the associated perinatal conditions (resulting in retarded central development or central impairment). By contrast, asphyxia has a major effect on functional status of neural generators of wave V, mainly related to synaptic inefficiency or asynchronous firing of neurons owing to hypoxic-ischemic neuronal damage, which becomes apparent after a physiologic challenge (high-rate stimulation).
Value of I-III and III-V intervals in the detection of auditory abnormality. The I-V interval, the so-called brainstem conduction time and the most commonly used BAER variable reflecting neural function of the auditory brainstem, is the sum of the I-III and III-V intervals. On the basis of the finding of a normal I-V interval in the very preterm babies at all the rates of clicks used here, it appears that the general responses of auditory neurons to acoustic stimuli of different rates are normal in these babies. Nevertheless, analyses of the subcomponents of this interval revealed that there were abnormalities in the I-III and III-V intervals. Therefore, an apparently or nearly normal I-V interval does not exclude a possible abnormality in its subcomponents (I-III and III-V intervals). These findings also indicate that the I-III and III-V intervals (and their ratio III-V/I-III) are useful BAER variables that can reveal some abnormalities that cannot be shown by the I-V interval.
Why did the very preterm babies show abnormalities in both I-III and III-V intervals at high-rate stimulation but no apparent abnormalities in the I-V interval? This can be explained by the mutual effects of the opposite changes in the I-III and III-V intervals. The earlier subcomponent (I-III interval) of the I-V interval decreased significantly at high click rates, but the later subcomponent (III-V interval) increased significantly, particularly at higher rates. As a result, the I-V interval showed no significant change at all rates used here.
Method of increasing stimulus rate while recording the BAER can improve the detection of auditory abnormality. There are still debates regarding whether this method is valid to improve the detection of auditory abnormalities (15, 20 -26) . We have also previously studied the BAER, obtained with various repetition rates, and have found that auditory neuropathology in some cases may not be significant enough to be detected by the BAER with low-rate stimulation, but can become detectable with high-rate stimulation (15, 20, 21, 25, 26) . The present study showed that the differences between the very preterm babies and the term control babies in the I-III and III-V intervals increased with the increase in click rate: the I-III interval became abnormal at high rates, whereas the abnormalities in the III-V interval and III-V/I-III interval ratio became more significant at the higher rates.
Furthermore, the rate-dependent change provides a further index for the assessment of auditory neural function. In this study, the finding that very preterm babies have an advanced peripheral development of the brainstem auditory pathway but a retarded central development or central impairment was mainly derived from the results of the rate-dependent changes in different BAER variables.
458
These results suggest that increasing the rate of clicks while recording the BAER is a valuable method to improve the detection of auditory neuropathology. An apparently normal or nearly normal BAER in response to routinely used low-rate stimulation may be abnormal when a more stressful high-rate stimulation is used. However, there is a disadvantage of increasing stimulus rate, in that BAER waveform morphology tends to deteriorate at rates higher than 51/s, which sometimes makes it difficult to measure BAER variables accurately and reliably.
The present study indicates that in babies who have a normal BAER recorded with conventional low-rate stimulation, we cannot rule out possible auditory abnormalities, which may be revealed only with high-rate stimulation. Similar to our findings in asphyxiated babies (21) , a significant increase in the rate, e.g. 91/s, is more effective to increase the detection of abnormalities than a moderate increase, e.g. 51/s. Thus, to improve the detection of neuropathology by increasing repetition rate of stimuli, the rate used should be high enough to effectively stress the large number of neurons along the brainstem auditory pathway.
